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Chapter 1 

Int rsduction 

In this report, methods for Input Output (IO) selection and Control Configuration (CC) 
selection proposed in [1,2,5-71 are reviewed. All these methods are based on the concept of 
structured singular value, abbreviated p. The main (dis)advantages of the approaches will be 
highlighted. 

The set-up for control system evaluation based on p will shortly be dealt with in Chapter 2. In 
Chapter 3, screening tools for IO selection as proposed in [5, Section 3.31 (O selection) and [7] 
(IO selection) will be discussed. In Chapter 4, an attempt is made to treat the hotchpotch of 
Control Structure Design (CSD) tools proposed in [1,2,6] and [5, Section 3.4, Appendix B.3.31 
in a unified manner. The majority of these tools is developed in the context of loopshaping. 
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Chapter 2 

Control System Set-up for Robust 
Performance 

Consider the general representation of an uncertain linear control system in Fig. 2.1(a). Block 
G represents the generalized plant, which may include weighting functions for performance 
specifications and weighting functions to characterize the amount of uncertainty. The con- 
troller is denoted K .  Uncertainties (perturbations) are represented by Au. If Au has a block 
diagonal form, the uncertainty is called structured, e.g.: 

o ... ... 
Au=[:: ... ... o : : : l .  

... 0 AUk 

Opposed tot  is, Ap is afict ious unstructured (“full”) perturbation block, w 
to  design for robust - performance. 

ich is introduced 

Robust performance (implying robust stability) of the closed-loop system under all stable, 
structured perturbations ]IAui Ilm 5 1, i = 1,. . ., 5 and IIA,llm 5 1 is achieved if and only 
if 171 

1. the closed-loop system is nominaZly stable, and 

2. P A ( M ( j 4 )  < 1 v u ,  

where p . a ( M )  is the structured singular value of the closed-Zoop transfer function matrix M 
under perturbations of the form A = diag(A,, A,). 

Currently, there is no method to  compute p exactly for general problems. Instead, p is 
approximated by its upper bound: 

p * ( ~ >  5 0,- inf ~ ( D M D - ’ ) ,  (2.1) 
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Figure 2.1: General framework for robust performance 
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- 
with the diagonal matrices D; = d;Imi, D; = dilni and d; a positive number, and n; x m; 
the dimension of the i-th diagonal block of the perturbation structure A, see, e.g., [ 3 ,  Section 
5.7.41. If repeated scalar perturbations play a role, additional requirements are imposed on 
D and D, see [7]. Though in (2.1) the upper bound is only equal to  p if the number of 
blocks is three or less, it’s usually very close. For pure complex uncertainty (representing 
dynamic perturbations), p and its upper bound equal within 98-99%. For real uncertainties 
(representing parameter errors), the gap may be larger [l]. For more details on the structured 
singular value, the reader is referred to [3, Section 5.71 and [4, Section 6.91. 

The nominal closed-loop system M can be written as a so-called Lower Linear Fractional 
Transformation (LFT) of G and f i  in Fig. 2.l(b): 

(2.2) 
I -1- MeFj(G, li) 1 G11 + G12K(I - G221í) G21, 

where G is partitioned in such a way that G22(= G33) has the same dimension as K T .  LFT’s 
play an important role in the CSD tools to  be discussed in Chapter 3 and 4. 



Chapter 3 

Tools Based on Convex 
Optimization 

Paper [7] focuses on the selection of actuators and sensors. The key idea of the approach is, 
that IO selection criteria should not only address the achievable nominal performance, but 
the achievable Robust Performance (RP) as well. Candidate IO sets for which a Linear Time 
Invariant (LTI) controller achieving the desired level of RP does not exist, regardless of the 
controller design method, are eliminated. 

In [7], A is assumed to consist of square blocks. It is stated that this assumption is without 
loss of generality, since a non-square block can always be expressed in terms of a square block 
through the use of weighting functions W;. For example, in case M = [ A41 M2 ] and 

A = [ 2; ] , the problem can be made “square” (Ad*, A*) in the following way: 

To circumvent introduction of artificial uncertainties, the weightings should be chosen prop- 
erly, e.g., W1 = I and W2 = O. 

The control problem statement as in Fig. 2.1 serves as the basis for the development of tools 
for IO selection. This offers the following major advantages (see also Section 3.3): 

o Performance and uncertainty specifications are easily incorporated in the IO selection. 

o The control objectives z and the measurements y are allowed to be distinct. 

o The controller K is allowed to be non-square. 

The development of screening tools is set up in the following way. First, a necessary and SU@- 

cient condition for the existence of a causal controller achieving RP is derived. Unfortunately, 
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this condition cannot be tested. By relaxing the causality requirement of the controller, a 
set of necessary conditions is obtained. This implies that only candidates for which a control 
system with satisfactory performance potentially exist are accepted. 

3.1 Cenditi~n fer Existence of u Causal Controller Achieving 
EP 

A mathematical test for the existence of a controller meeting the RP requirement for a given 
set of actuators and sensors is the following: 

inf sup p * ( M )  < 1, 
K E K  w 

with K the class of causal stabilizing controllers with the appropriate dimension. The causality 
of the controller implies that the controller’s current and future inputs do not affects its past 
outputs. Hence, causality is required for the controller to  be physically realizable. Note that 
for distinct candidate IO sets A in Fig. 2.1 remains the same, while G3j, Gis and Ir’ are 
different. This needs however not be a problem for IO selection. Once the set-up in Fig. 
2.1 has been generated for the overall plant, i.e., the plant with all candidate inputs u and 
outputs y incorporated, G for a particular IO set can be generated by discarding rows in 
G31, G32, columns in G13, G23 and rows and columns in G33 and Ir‘. Condition (3.1) should 
be tested for adapted M and I<. 

The controller I< is stabilizing if the following four Transfer Function Matrices (TFM’s) have 
all their poles in the Left Half Plane (LHP) [7 ] :  

( I  - KG33)-’, ( I  - KG33)-’I<, ( I  - G33K)-’, ( I  - G33K)-’G33. (3.2) 

So, Ir’ has nonlinear constraints and also enters M (2.2) in a nonlinear fashion. The so- 
called Youla parameterization (see, e.g., [S, Section 6.41) is invoked to generate an affine 
parameterization of M without any nonlinear constraints, in this way trying to simplify 
solving the problem. For the sake of simplicity, the derivation is omitted here. After the 
parameterization of Ir‘ into Q ,  test condition (3.1) for existence of a Ir‘ achieving RP is 
rewritten: 

where %?EFI, represents the set of all proper rational TFM’s analytic in the closed Right Half 
Plane (RHP). Moreover, the N;j’s depend on the Gij’s and on particular TFM’s resulting 
from the Youla parameterization. From (3.3) it is clear that the closed-loop system is now 
affine in the “Youla parameter” Q .  However, due to the coupling of the parameters Q and 
D, the optimization required in (3.3) is non-convex. In [7], it is stated that “currently” ( [7] 
was first submitted in 1992!) there is no method of checking the condition. Maybe a “D-IP-  
iteration-like approach (see, e.g., [4, Section 6.9.31) could help to  solve (3.3). However, testing 
(3.3) would amount to designing controllers for all candidate control structures, which may 
be time-consuming for a large number of candidates. Due to the lack of an algorithm to solve 
(3.3), it is modified in [7] to a weaker testable condition, as will be discussed in Section 3.2. 
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In [7 ] ,  it is stated that it is possible to check if there exists a controller which achieves nominal 
performance. Note, that if nominal performance is considered, A reduces to A,, which is 
unstructured. This test essentially amounts to checking if positive semidefinite solutions to 
two Riccati equations exist, and the spectral radius of the product of the two solutions is 
less than a certain constant. This is a necessary and sufficient condition for the design of a 
stabilizing controller by HFt,-optimization (see, e.g., [4, Section 6.5.81) and can therefore be 
used for design-independent screening. 

According to [7], these existence tests are useless for checking whether robust performance 
can be achieved. This is due to the fact that the conditions do not apply for structured per- 
turbations: even if A, and Ap are unstructured themselves, A = diag(A,, A,) is structured. 
However, allowing perturbations in the off-diagonal blocks in A, the conditions might be use- 
ful, yet conservative, suficient conditions for the existence of a controller achieving RP. This 
conjecture deserves special attention in future research. 

A potential disadvantage of selecting inputs and outputs by checking the solutions of the 
Riccati equations, is the difficulty to physically interpret the influence of performance and 
uncertainty weights and the candidate IO set on the outcome of the test. The method does 
not provide direct insight for the extent to which RP cannot be achieved with a particular 
IO set. A more detailed study must be performed to investigate this shortcoming. 

3.2 IO Selection Based on Existence of an Acausal Controller 
Achieving RP 

In order to develop testable conditions for IO selection, the causality requirement on the con- 
troller I< is dropped. This amounts to  allowing the controller parameter Q in test condition 
(3.3) to be acausal, which means that the current and future inputs of Q can affect its past 
outputs. Clearly, the set of all acausal controllers includes all causal controllers. Mathe- 
matically, this relaxation is equivalent to replacing the requirement Q E R’& in ( 3 . 3 )  with 
Q E R,, where R, represents the set of all proper rational TFM’s with the same dimension 
as K .  

Relaxation of the causality requirement introduces conservativeness, in the sense that satisfy- 
ing the relaxed test condition does not imply the existence of a causal K achieving RP. In [7],  
it is remarked that conservativeness is expected to be significant only in the crossover region, 
which depends on the design specifications. The reason for this is not clearly explained. 

A necessary and sufficient condition for the existence of an acausal Q ( %.e., ’ a necessary con- 
dition for a causal Q )  meeting RP  is derived: 

i f  and only if 
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where 0 is a re-parameterization of Q ,  and C“ is the set of complex matrices with the same 
dimension as K .  The TFM’s 8 1 1 ,  fi12 and fi21 are explicitly written in terms of Gij, Fig. 
2. i (a) : 

In [5, Section 3.31, it is stated that for open-Zoop unstable systems (3.5) is only a necessary 
condition for the existence of an acausal controller K achieving RP. This is because when Q 
is allowed to  be acausal, the Youla parameterization does not necessarily lead to  a stabilizing 
K .  Strangely enough, in [7] (the final version of which is more up to  date than [5]) this remark 
is omitted, which may indicate that it is incorrect. This merits further investigation. 

In [7], it is shown that (3.5) in turn can be transformed into two separate conditions which 
can be checked via convex optimization: 

Condition (3.5) holds i f  and only if there exists an X(= D*D, with * denoting the adjoint 
operator: D*(s)  = DT(- s ) )  such that: 

Xmax((kzi),(NAxiyii - x)(k21)Tls=ju) < O t~ w (3.7) 

Each of the conditions (3.7) and (3.8) is a necessary condition for the existence of a controller 
achieving RP. Candidate IO sets which do not satisfy either (3.7) or (3.8) for some frequency 
w are eliminated, resulting in the following screening tools: 

1. Eliminate IO sets for which (3.7) does not hold for some w :  

inf X Xmax((fizi>l(@Tlxly,i - X)(N21)lls=jw) 2 O for some w .  (3.9) 

2. Eliminate IO sets for which (3.8) does not hold for some w :  

(3.10) inf Amax((k12)l(N11X -1 - *  - X-’>(k12>Lls=jw)  2 O for some w. 
X 

3. Eliminate IO sets for which (3.7) and (3.8) are not jointly satisfied at some w. 

Application of selection criteria (3.9) and (3.10) (in fact, “rejection” criteria) involves solving 
a convex optimization problem at each frequency w of interest. For this reason, the tools 
are numerically more complex and less efficient than other ones based on, e.g., testing the 
singular value and the condition number in a particular frequency range, see [ lo ,  Section 3.9 
and 3.101. 
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Checking conditions (3.7) and (3.8) jointly (third screening tool) is not resolved at the moment, 
except for the following special cases: 

o “Full control case”. If $12 has full row rank (necessary for this is, that  dim{u} 2 
dim{q} + dim{z}), condition (3.8) drops out and (3.7) is necessary and sufficient for 
(3.5). 

e “Full information case”. If $21 has full column rank (necessary for this is, that dim{y} 2 
dim{p} + dim{w}), condition (3.7) drops out and (3.8) is necessary and sufficient for 
(3.5). 

o 2 Full-block case. In case A consists of two full blocks, e.g., if Ap and A, are both 
unstructured, (3.7) and (3.8) can be checked jointly. 

The third screening tool, the mathematical formulation of which is omitted here (see [?I), is 
therefore restricted to  the special cases above. 

3.3 Discussion 

The method for sensor and actuator selection discussed above is assessed for its ability to 
satisfy the desirable properties for a CSD method as listed in [lo,  Section i]. 

1. Robust/nominal stability/performance. 
The developed tools are based on the existence of linear controllers achieving robust per- 
formance. So, weaker requirements like robust stability, nominal stability, and nominal 
performance can be addressed as well. 

2. Complexity of controller structure. 
For the purpose of IO selection, complexity may be defined as the number of inputs 
and outputs t o  be selected. By evaluating only candidate IO sets with a restricted 
dimension, complexity is easily accounted for. 

3. General applicability. 
The notion of “general applicability’? is of course rather vague. Here, only the following 
aspects will be assessed: 

e Type of systems. 
Application of the developed tools is restricted to  linear time-invariant control 
systems with L,,-norm-bounded uncertainty. They can be applied to  both open- 
loop stable and open-loop unstable systems. 

The IO selection tools are applicable to systems with an unequal number of inputs 
and outputs. This is an important advantage, since non-square systems are often 
encountered in practice. 

e Non-square systems. 
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Frequency range. 
A lot of existing methods for CSD are developed for application at steady state 
or in a limited frequency range only. The tools discussed here cover the whole 
frequency range from w = O to w = co. A viable IO set must satisfy the test 
conditions for all frequencies, see (3.7) and (3.8). If a particular frequency range is 
of special importance, this is easily accounted for by choosing appropriate weighting 
functions? possibly for a denser frequency grid. 

4. Control ler  independence. 
The proposed IO selection tools are independent of the controller design method and 
controller settings. This is of great importance for initial screening of a large number of 
candidates? if it is infeasible to  design the controller and its structure simultaneously. 

5. Directness. 
Since all candidate IO sets must be tested individually for their ability to  achieve RP, 
the developed tools are indirect. It is expected, that the number of IO sets passing the 
tests can be affected by modifying the design specifications (Le. ,  the uncertainty and 
performance weighting functions). 

6. Quant i ta t ive measure.  
Obviously, the IO selection tools are based on quantitative measures (as opposed to  
qualitative measures, see, e.g., [lo, Section 3.1-3.41) for robust performance. This is an 
advantage? since the viability of an IO set can now be judged more precisely. 

7. Efficiency. 
Efficiency is related to  the amount of computational and analytical effort needed by the 
method. The analytical effort is most important in the initial stage of the IO selection, 
when uncertainty descriptions and performance specifications have to  be formulated for 
the overall plant. In the following stage, all candidate IO sets have to  be evaluated. From 
(3.9) and (3.10) it is clear that this implies solving a convex optimization problem for 
a possibly very large number of frequencies. In [7], it is “admitted’? that the developed 
screening tools are numerically more complex (so, less efficient) than “conventional” 
tools based on the condition number (see, e.g., [ lo ,  Section 3.91) or the singular value 
decomposition (see, e.g., [ lo ,  Section 3.101). Since the number of candidate IO sets may 
be huge, especially for non-square systems, computation time is an important issue. A 
practical application (e.g., the tractor-semitrailer system [ lo ,  Section 5.21) should serve 
to compare computational effort for the convex-optimization-based IO selection tools 
and other ones. 

8. Effectiveness. 
Since the selection criteria (3.7) and (3.8) are necessary conditions for the existence 
of an acausal controller achieving RP, candidate IO sets may be accepted for which a 
causal controller achieving RP cannot be designed. Even an acausal controller might 
be accepted that does not achieve RP. 

9. Simplicity of theory. 
Unfortunately? the theory behind the IO selection tools is very complicated and tedious, 
at least compared with most of the methods discussed in [lo]. Moreover, some deriva- 
tions? statements, and assumptions are not clear. The key idea of the IO selection is 
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clear, but the relation with the ultimately resulting tools (3.7) and (3.8) is lost during 
the derivation. As a consequence, it is difficult to  see how different design specifications 
affect the selection. 

1 O. Pract ical applicability. 
The practical relevance of the IO selection tools is made plausible by an application to 
a mü:ti-cuuipûnent distillation co!Umïi ix [7] and [5, Sectioi; 3.51. It is shown that the 
“best” set of temperature measurements put forward by the tools is in line with physical 
expectations, while this is not the case for some previously developed methods. 
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Chapter 4 

In [i, Chapter 61, a number of screening tools is developed in the context of robust loopshaping. 
The tools can be used for both IO and CC selection. In this chapter, firstly the concept 
of robust loopshaping is explained and a sufficient condition for Robust Performance (RP) 
is given. An overview of the proposed screening tools follows, extended with some ideas 
from [5, Section 3.4, Appendix B.3.31 and [€i]. The tools are distinguished into two categories: 
“pairing-independent” screening tools (Section 4.2), i.e., tools which do not depend on the 
configuration of the controller, and “pairing-dependent” screening tools (Section 4.3), i.e., 
tools which do depend on the controller configuration. The pairing-independent tools can 
only be used for IO selection, while the pairing-dependent ones may be useful for both IO and 
CC selection (CSD). These two categories are in turn divided up in “general” screening tools, 
which are independent of the controller design method, and “design-dependent” tools. As it 
will become clear later, these names are not always justified. Finally, the main (dis)advantages 
of the tools will be discussed and a new, closely related, potential method for CSD is proposed. 

4.1 Robust Loopshaping 

Loopshaping is a method for controller design, which involves directly specifying a Transfer 
Function Matrix (TFM) Q that parameterizes the controller (see Fig. 4.1), based on magni- 
tude bounds on Q. In [9], it is stated, that it is often desirable to express the RP condition 
p * ( M )  < 1 as norm bounds on a TFM, which is of direct interest to the engineer and which 
provides more insight, e.g., norm bounds on the sensitivity S or on the complementary sen- 
sitivity T .  The bounds on a(&) are then derived from bounds on p * ( M ) .  Next, a Q which 
meets the bounds is specified and the controller K is calculated from Q. 

Loopshaping is a “non-optimization” design method, in the sense that it is not attempted to 
minimize p * ( M ) .  In [1, Chapter 41, three major advantages of loopshaping over optimization 
approaches are mentioned: 
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Figure 4.1: Equivalent representations of system M under perturbations A 

o The controller can be kept “simple”, e.g., the order of the controller can be reduced by 
an appropriate choice for &, provided that O(&) meets a certain bound. 

o Decentralized controllers can be designed, as will become clear in the sequel. 

o The properties of interest to  the engineer are often directly in terms of the designed 
loops hape . 

With respect to  the final aspect, it is remarked that the properties of interest should in fact 
be represented by the external inputs w and by the control objectives z ,  see Fig. 2.1. That 
is, if the control problem is formulated properly, there is no need for additional specifications 
in terms of Q. Nevertheless, the required bounds on a(&) may provide better insight for 
controller design. 

If the controller K is parameterized in terms of the TFM of interest &, the following is done 
to  obtain N in Fig. 4.l(c): 

1. Write the nominal closed-loop M as an LFT (see (2.2)) of G and K (note that G may 
include weighting functions): 

M = Fi(G, K )  = GI1 + G12K(I - G221<)-1G2i. (4.1) 

2. Write the controller K as an LFT of J and Q in Fig. 4.l(b): 

3 .  Under the assumption that ( I -  G22J11) and ( I -  JllG22) are invertible, N follows from 
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Figure 4.2: One degree of freedom unit feedback system 

inspection of Fig. 4.l(b): 

Ni1 Ni2 
= [ N21 N221 

Note, that A4 can also be written as an LFT of N and Q:  

&I = F L ( N ,  Q )  = Ni1 + N i 2 & ( I -  N22Q)-'N2i = Fz(G7 K ) .  (4.4) 

Consider the control system depicted in Fig. 4.2. Comparing this specific system with the 
general representation in Fig. 4.l(a), the following results: 

G i i  = [ 0 Pzw 0 ] , 
G2i = [ i -Pyw -I ] , G22 = -Pyu. 

G12 = E,, 
w =  [ ,l. 

For the special cases in which the controller K is parameterized in terms of the sensitivity 
S or the complementary sensitivity T ,  N will be given. The sensitivity is defined as the 
closed-loop TFM between the tracking signal T and y on the one hand, and the TFM between 
the output disturbance d and y on the other hand: 

y = Sr  - Sd,  5' = ( I +  PY,LL)-'. (4.5) 

So, in order t o  achieve good tracking properties and good disturbance attenuation, S must 
be kept small, generally at low frequencies. With Q = S ,  the following results for N ,  provided 
that G22 = -Pyu as in Fig. 4.2: 

For the complementary sensitivity function T defined by 

T = S - 1 = Py,K(I + P,,K)-l, (4.7) 
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the following N results for Q = T ,  provided that G22 = -Pyu: 

L 

Note that N22 = O in case Q = S or Q = T and Ga2 = -Pyu. 

In order t o  design a decentralized controller K by loopshaping, K could, e.g., be specified in 
terms of the block-diagonal sensitivity 3 = (I + FYuK)-' or in terms of the block-diagonal 
complementary sensitivity T = pyuK(I + FyuK)-',  with pyu = block-diag(Pyu), and the 
configuration of pyu corresponding to  that of Ii'. In case Q = 3 and G22 = -I',,, the 
following results for N [l, Section 5.11: 

For Q = T and 6 2 2  = -Pyu, N is obtained as follows [i, Section 5.11: 

(4.10) 

Note that a physically realizable system Pya is proper and can be represented by a state- 
space description. As opposed to  this, will in general be non-proper and a state-space 
representation of N may be impossible. For this reason, it is questionable if a parameterization 
as in (4.6)-(4.10) is always feasible. It is also unclear if N ,  or its individual transfer function 
elements, must be required proper. In [i], it is stated, that a simple program can be written 
to obtain N .  This might be done by generating N from its individual TFM's Gij, Pyu and 
Pyu.  It is not clear if this is possible by standard MATLAB routines. 
- 

In order to  perform robust loopshaping, the RP condition ,uA(M) < 1 is expressed as a norm 
bound on the TFM Q. Consider the general control system set-up in Fig. 4.1. The closed- 
loop TFM M is written as an LFT of N and Q ,  see (4.4). In [SI, a suficient upper boundon 
a(Q) for RP is derived: 

Theorem: 
Assume p ~ a ( N ~ ~ )  < 1 and de t ( I -  N22Q) # O. Then RP is achieved, i e . ,  

ij" 

where CQ solves 

(4.11) 

(4.12) 

(4.13) 

Here, = d i a g ( A , A ~ )  with F(A) 5 1, *(A,) 5 1, and with AQ of the same block struc- 
ture as Q .  In [9], it is stated that the requirement that M must be stable puts additional 
restrictions on the allowable Q ,  e.g., if Q = S or Q = T ,  Q is required stable. 
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In [5 ,  Appendix B.3.31 and [6], it is remarked that the usefulness of the bound for controller 
design is limited if a parameterization like (4.6) (or (4.8)) is used and I‘&’ is unstable or 
non-proper. In this case, stability and causality of S (or T )  do not necessarily imply the 
internal stability and causality of K .  Hence, additional restrictions must be imposed on S (or 
T ) ,  making a direct design based on the Theorem difficult. 

In [i, Chapter 41, a notationally somewhat more complicated equivalent for basicaiiy the same 
theorem is formulated. In addition, a sufficient lower bound and necessary upper and lower 
bounds on B(&) for RP are derived. Since the sufficient upper bound in the Theorem above 
suffices to  interpret the proposed tools for CSD in the subsequent sections, the other bounds 
will not be given here. 

Some general remarks with respect to  the Theorem (from [9] and [i, Chapter 41): 

1. The Theorem applies on a “frequency-by-frequency” basis, i.e., (4.11)-(4.13) apply for 
corresponding frequencies. 

2. The assumption that det(1- N22Q) # O holds for any well-posed problem. 

3. The assumption p ~ ( N l 1 )  < 1 is required for the existence of a solution CQ > O. It is 
equivalent t o  requiring that the RP condition must be achieved for Q = O. 

4. Condition a(Q) < CQ is necessary and sufficient for p,(M) < 1, if RP must be achieved 
for all Q’s satisfying a(&) < C Q .  

5. The least restrictive bound on F ( Q )  ( C Q  large) is found if AQ is diagonal (“fully de- 
centralized controller”), and the most restrictive bound ( C Q  small) is found for full AQ. 
This may seem counterintuitive, since it is expected that by imposing restrictions on 
AQ, something must be paid back, instead of gaining something. The reason for this 
is, that by restricting AQ, the class of allowable “perturbations” is restricted, and the 
magnitude of these perturbations may be larger. 

6. The Theorem can be used to  derive a bound on any TFM Q which is related to  M 
through an LFT. These bounds, e.g., on T ( S )  and on the complementary sensitivity 
function F ( T ) ,  may be combined over different frequency ranges. Robust performance is 
achieved if one of the conditions a(&;) < C Q ~  is met for each frequency. By combination, 
conservativeness of the bounds can be avoided. Moreover, a sufficient upper bound on 
a particular Q does not necessarily exist for the whole frequency range between w = O 
and w = co, since the assumption p ~ ( N 1 1 )  < 1 may not always hold. For instance, c s  
is usually conservative at high and intermediate frequencies, while it may not exist at 
all at higher frequencies; CT may be conservative at low and intermediate frequencies, 
and may not exist at all for low frequencies, see, e.g., the example in [i, Section 4-71. 

In the context of CSD, the following can be added to  the final remark. One way to  assess 
the candidate control structures, although cumbersome, is to  compute the sufficient upper 
bounds for each candidate. Designing a controller achieving RP is the most difficult for control 
structures for which the bounds are the most restrictive. In [6], eliminating those candidates is 
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suggested as a potential method to find the “best” control structures. In my opinion this will 
however lead to wrong results. Suppose that for a given IO set the controller is parameterized 
such that the block structure of Q corresponds to the structure of K .  A configuration with a 
high degree of decentralization will yield less restrictive bounds than a configuration with a 
low degree of decentralization. From this point of view, a fully decentralized configuration may 
be termed “more viable” than the centralized one. However, this conclusion is not correct, 
since designing & for a centralized configuration offers more freedom than for a decentralized 
&, where certain entries in Q are structurally zero. So, for the same CQ, meeting the condition 
a ( Q )  < CQ may be “easier” for a centralized controller than for a decentralized one. As a 
consequence, the usefulness of this approach for CSD is doubtful and merits more detailed 
investigation. 

- 

4.2 Pairing-Independent Screening Tools (IO Selection Tools) 

In [i, Section 6.31, two “design-dependent” screening tools are derived in the context of robust 
loopshaping. In addition, two “general” tools are developed, which amount to  exactly the 
same conditions as the design-dependent ones. It is emphasized that the tools are based on 
a control system representation as in Fig. 4.2, since the sensitivity S = ( I  + PYUK)-’, the 
complementary sensitivity T = ( I  + PYuK)-lPyuI!, and the loop gain L = PYUK play an 
important role in the tools. Application of the screening tools to different control system 
set-ups is only meaningful if the definitions for S ,  T and L as above are maintained. 

First pairing-independent screening tool: 
Let M = & ( N ,  Q )  = Nll + N12&(I - N22&)-1N21. Eliminate candidate IO sets for which 

p4(G11(0) t G12(0)p&1(O)G21(O)) 2 l 7  (4.14) 

since this is a sufficient condition for non-existence of 

1. a controller designed via loopshaping S (or 3) that achieves RP (p4 (M)  < 1). 
Comment: In loopshaping design, the sufficient upper bound on T ( S )  (or ~(3)) must 
exist for low frequencies, i.e., the assumption p ~ ( N 1 1 )  = p4(G11 + G12P&1G21) < 1 
must be satisfied (Theorem). Candidates for which this does not hold at w = O are 
eliminated. 

2. a controller with integral action in all channels (S(0)  = O, s (0)  = O) that achieves RP. 
Comment: To have RP at w = O ,  it is required that p4(M(O)) = p*(F’(N(O),O)) = 

pua(Nii(0)) = ~ ~ ( G i i ( 0 )  + G12(0)f‘&1(0)G21(0)) < 1. 

It seems incorrect to call the screening tool for existence of an integral controller a “general” 
one, as it is done in [1, Section 6.21: if the plant itself doesn’t have integral action, the 
controller cannot be designed “freely” anymore, since it must be supplied with an integrator. 

An equivalent for (4.14) is derived in [6], where it is developed in the context of “inferential” 
loopshaping. In inferential control, variables z to be controlled which cannot be measured 
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directly are replaced by “secondary)) measurements y. In this way, one tries to  control z by 
means of controlling y, or by means of controlling estimates for z .  In [5, Appendix B.3.31, it 
is stated that bounds on 5’ = ( I  + PYzlK)-l or T = ( I  + PYzlK)-lPyiLK are less useful for 
inferential control problems in general, since the sensitivity and complementary sensitivity 
do not have the same relevance to  the closed-loop performance as in the case y C z. Instead, 
bounds on TFM’s with direct implications on closed-loop performance (TFM’s that play 
“similar roles as 5’ and Y) must be used. For instance, the controller in Fig. 4.2 could be 
parameterized in terms of the closed-loop TFM betweeri the tracking signal T and the variable 
to  be controlled z ,  see [5, Appendix B.3.31. 

From (4.14)) it is concluded that only square IO sets, i e . ,  IO sets with an equal number of 
inputs u and outputs y ,  can be tested, since this is necessary for the existence of PG’. An 
important aspect for future research, is to investigate if it is possible to invoke the concept of 
“pseudo-inverse”, in order t o  extend the screening tool to  non-square IO sets. More basically, 
it must be investigated if controller parameterizations which give rise to  pseudo-inverses in 
N are suitable for loopshaping. For example: will the Theorem for robust loopshaping still 
hold and is it justified to  parameterize h’ in terms of T for non-square I‘,,?: 

T = (i + PYUK)-lPy,K =+ K = P,f,T(I - T)-’, (4.15) 

with PA denoting the pseudo-inverse of Pyu. 

Second pairing-independent “screening tool”: 
Let M = F l ( N ,  Q )  = Nll + N12Q(1 - N22Q)-1N21. Eliminate candidate IO sets for which 

(4.16) 

since this is a sufficient condition for non-existence of 

1. a controller designed via loopshaping T (or T )  that achieves RP. 
Comment: For loopshaping with the complementary sensitivity T (or s), its sufficient 
upper bound must exist for high frequencies, i.e., the assumption p.a(N11) = p~(Gi1)  < 
1 must be satisfied (Theorem). Candidates for which this does not hold at w = ca are 
eliminated. 

2. a controller with the loop gain L = Py,K (or = FyuK) strictly proper. 
Comment: For the product PyuK to  be strictly proper, T(joo) must be zero. To have 
RP at w = ca, it is required that p.a(M(joo)) = pA(.Fl(N(jca),O) = pa(NIl(joo)) = 
p.a(Gli(jW)) < 1. 

Although (4.16) is called a screening tool in [i], it is useless for IO selection, since GI1 does 
not depend on the selected y and u, see Fig. 4.1(a). In fact, pn(Nl1)  = p~(A4) at open loop, 
i e . ,  for K = O. Nevertheless, the condition could be used to  rule out inappropriate choices 
of uncertainty and performance weights. 

It is emphasized that conditions (4.14) and (4.16) are not sufficient for non-existence of any 
controller achieving RP: it is only tested if the bounds c s  (cy) or CT (CT) exist, which is 
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Figure 4.3: Representation of interactions as additive perturbations 

necessary for controller design by loopshaping the TFM’s of interest. However, a robustly 
performing controller may still be found for other design methods. This conjecture merits 
further investigation. 

The suggested screening tools (4.14) and (4.16) can only be used for evaluation at  particular 
frequency points, w = O and w = 00 respectively. For general control problems, the dynamic 
behavior at other frequencies may be more important, e.g., for tracking and disturbance 
rejection problems. Therefore, it seems worthwhile to investigate if the screening tools can 
be generalized for application in particular frequency ranges. More specifically, the condition 
for existence of a controller designed via loopshaping S or (4.14) might be extended to  a 
low frequency range from w = O up to a specified frequency. Candidate IO sets for which 
the bound cannot be computed for the frequency range of interest are then eliminated. An 
equivalent reasoning applies for loopshaping T or T for a high frequency range. 

4.3 Pairing-Dependent Screening Tools (IO and CC Selec- 
tion Tools) 

In [l, Section 6.41, three “design-dependent” and pairing-dependent screening tools are de- 
rived, which can be used for simultaneous IO and CC selection. 

The tools are based on the decentralized control system interaction measure as proposed 
in [2], see also [ io ,  Section 4.121: 

(4.17) 

with Fyu = block-diag(Pyu), T = PyuK(I + pYuK)-’ the block diagonal complementary 
sensitivity TFM, and where AT has the same block structure as the decentralized K .  

The interaction measure interprets interactions as additive uncertainties, see Fig. 4.3. It indi- 
cates the effect of off-diagonal blocks of the plant Pyu on the performance of the decentralized 
controller. The following is proven in [i]. Assume Pya is stable, and that a decentralized 
controller K is designed which stabilizes pyu. Then the closed-loop system is stable if 

(4.18) 
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Note, that the sufficient condition above may serve as a bound for loopshaping T.  The 
following screening tool is suggested in [i, Section 6.41: 

First pairing-dependent screening tool: 
Assume Pyu is stable. Eliminate candidate control structures for which 

since this is a sufficient condition for non-existence of a decentralized controller with integral 
action in all channels (T(0) = I ,  F ( T ( 0 ) )  = i). 

In [i], this is called a “Screening tool for p interaction measure design”. A better name would 
be “Screening tool for decentralized controllers with integral action”, since the controller- 
dependence only stems from the requirement that integral control must be achieved. Note 
that the application of (4.19) is restricted to control systems represented by Fig. 4.3. As it 
is shown in [i], (4.19) is also a necessary condition for non-ezistence of a diagonal controller 
achieving Decentralized Integral Controllability (DIC). If a system is DIC, then it is possible 
to  maintain stability while detuning the gain of each loop separately. It is a property of the 
plant Pyu and the controller structure, see also [ lo ,  Section 4.101. 

The interaction measure (4.17) and the resulting screening tool (4.19) do not handle modeling 
errors. The following generalization is proven in [i, Section 6.41. Consider a general control 
system as in Fig. 4.l(a). Assume G is stable and that a decentralized controller K is designed 
which stabilizes pyu. Then the closed-loop system is stable for all llAllm 5 1 i f  

where the “robust interaction measure” 

- o(T) < CT, 

CT solves 

(4.20) 

(4.21) 

where Á = diag(A, AT). This condition can be derived from the robust loopshaping Theorem 
for the case K is parameterized in terms of T.  Again, it must have been assumed in [i] that 
G22 = -P,,, as in Fig. 4.2. 

In [i] it is stated, that the bound CT will be unattainable at low frequencies if interactions 
significantly affect the performance. In this case, bounds on both T and 3 could be used to 
design a stabilizing controller. The following screening tools based on the above are suggested 
in [i, Section 6.41: 

Second pairing-dependent screening tool: 
Assume G is stable. Eliminate control structures for which 

(4.22) 

since this is a sufficient condition for non-existence of a decentralized controller which is stable 
for all llAllm 5 1 and has integral action in all channels (T(0) = I ,  T(T(0)) = 1). 
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Third pairing-dependent “screening tool”: 
Assume G is stable. Eliminate control structures for which 

p A ( G l l ( j w ) )  2 1 for some w ,  (4.23) 

since this is a sufficient condition for non-existence of a decentralized controller which is stable 
lul au I lU l lCQ 1 1 .  
-CA.. -11 II A II / 1 

Although (4.23) is called a screening tool, it is useless since p ~ ( G i 1 )  is an open-loop property. 
In [i], it is shown that (4.22) together with (4.23) forms a necessarycondition for non-existence 
of a controller achieving robust DIC, i.e., DIC under perturbations. 

With respect t o  the first (4.19) and second (4.22) screening tool, the following is remarked. 
Firstly, they are restricted to square systems Pyu. Maybe, the pseudo-inverse offers some 
prospects for generalization to  non-square systems. Secondly, it seems possible to  extend 
(4.19) and (4.22) to  a particular frequency range by imposing a performance requirement in 
the frequency range of interest, e.g., T(s) < ITspecI. In this case, condition (4.19) generalizes 
as follows: 

Assume Pyu is stable. Eliminate candidate control structures for which 

(4.24) 

since this is a sufficient condition for non-existence of a decentralized controller which achieves 
a(T) < ITspec] b’ w ,  see also Section 4.4. 

In [i, Section 6.61, it is suggested to  perform CC selection by applying the screening tools 
to  increasingly refined decentralized configurations, potentially removing a large number of 
more refined structures from further consideration. However, a full block AT allows “larger” 
perturbations than a structured block. As a consequence, it is expected that, given an IO 
set, the centralized configuration is easier rejected by (4.19) and (4.22) than a decentral- 
ized configuration. For this reason, it is questionable if the proposed tools can be applied 
successfully. 

4.4 Discussion 

The screening tools discussed in Section 4.2 and 4.3 are assessed for their ability to  address 
the desirable properties as listed in [ lo ,  Section 11. 

1. Robust /nominal stability/performance. 
Screening tool (4.14) is used to  screen out IO sets for which a controller that  achieves RP 
(or nominal stability/performance, robust stability) cannot be designed by loopshaping 
the sensitivity. However, this does not imply that a robustly performing controller does 
not exist! 
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2. Complexity of controller structure. 
The complexity in terms of the number of inputs and outputs and the number of feed- 
back interconnections is easily accounted for. 

3. General applicability. 
The following aspects are assessed: 

Type of systems. 
The tools are restricted to  linear time-invariant control systems with L,-norm- 
bounded perturbations. The pairing-dependent tools are restricted to open-loop 
stable systems. 

Only systems with an equal number of sensors and actuators can be evaluated. 

Application of the useful screening tools is restricted to  w = O. 

Non-square systems. 

Frequency range. 

4. Controller independence. 
For application of screening tool (4.14), the controller is assumed to  have either integral 
action, or it is assumed to  be designed by loopshaping the sensitivity. Screening tools 
(4.19) and (4.22) also assume that the control system is supplied with integral action. 

5. Directness. 
The tools are based on testing all potential controller structures. They therefore provide 
an indirect way to  obtain the “best” controller structure. 

6. Quantitative measure. 
The controller structures are quantitatively assessed. 

7.  Efficiency. 
The proposed screening tools seem to be computationally efficient, at least when com- 
pared with the tools discussed in Chapter 3. Computation of the structured singular 
value for all candidate control structures seems manageable, although it is less efficient 
than, e.g., computation of the maximum singular value or the condition number. More- 
over, the conditions need to  be evaluated at w = O only (which may be disadvantageous 
with respect to “effectiveness”). 

8. Effectiveness. 
Desirably, a screening tool rejects controller structures for which a n y  controller achieving 
RP cannot be designed. From the comment on desirable aspect no. 1, it is concluded 
that this goal is not achieved with the proposed tools, and so they are ineffective. In 
addition, due to  the restriction tow = O, it seems impossible to  account for all aspects of 
practical interest. Finally, the developed screening tools are all sufficient conditions for 
non-existence of a controller achieving the specified objective (e.g., RP). As a result, it 
is not guaranteed that the objectives can be met for the accepted controller structures. 

9. Simplicity of theory. 
In [i, Section 6.21, it is stated that the basic idea for control structure selection should 
be to  eliminate control structures for which a robustly performing controller does not 
exist. Unfortunately, the basic idea of the theory is not translated into the ultimately 
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(b) 

Figure 4.4: Control system set-up for use in CSD 

resulting screening tools, see also desirable aspect no. 8. Furthermore, derivations and 
statements are not always clearly explained, proofs are too brief, and the general “G-K” 
control system of Fig. 4.1 is sometimes mixed up with more restrictive representations 
as in Fig. 4.2 and Fig. 4.3. 

10. Practical applicability. 
In [i, Section 6.51 and [6], screening tool (4.14) is used to find the best temperature 
measurements for the same high-purity distillation column as in [7]. Since the weighting 
functions are different from those in [7 ] ,  a different measurement set is recommended. 

4.5 Proposal for a CSD Method 

In this section, a potential method for CSD is suggested. Consider the control system in Fig. 
4.l(a), with A consisting of a structured perturbation block and a fictitious unstructured 
performance block. Parameterize the controller K in terms of a TFM Q which is of special 
interest (e.g., the closed-loop TFM between the tracking signal and the variable to  be con- 
trolled), and which has the same block structure as K .  The control system is now represented 
by Fig. 4.4(a). Robust performance for this system under aZZ “perturbations” llAllm 5 1 is 
achieved if and only i f  the closed-loop system M = Fl (N ,  Q )  is nominally stable and 

Suppose, the following specification on the magnitude of Q (performance specification) is 
imposed, see Fig. 4.4(b): 

W(j4 5 I(Sspec(jW)I bf w.  (4.26) 

Specification Qspec is now incorporated in N *  (N:, = N i l ,  NT2 = Nis, N,*, = QspecN21, 
N& = QspecN22), while AQ is absorbed into A* = diag(A, A,), see Fig. 4.4(c). The following 
may serve as a basis for CSD: 

A necessary condition for the existence of a controller K which achieves 
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for all IIA*llm 5 1 is, that 
pa*(N*( jw))  < 1 'd w.  (4.27) 

The key idea for a potential CSD method is now to eliminate controller structures which do 
not satisfy this condition. Some comments to  this approach are listed below: 

e Condition (4.27) is only necessary, because F(Q( jw) )  5 IQspec(jw)I does not imply that 
Q is stable and hence does not imply K to  be stable. Moreover, the closed-loop system in 
Fig. 4.4(c) must be nominally stable, i.e., N *  must be stable. However, it is emphasized 
that a thorough theoretical basis for the necessity of the condition is currently lacking, 
and resolving this is of primary interest for future research. 

e It may not be possible to  parameterize K in terms of Q if the inverse of a non-square 
system is invoked, e.g., in case K is parameterized in terms of T ,  see (4.15). Another 
problem may arise if non-proper TFM's are invoked, e.g., P;'. 

o In fact, all aspects of interest (performance specifications, uncertainty bounds) should 
be accounted for by weighting functions in the generalized plant G. Imposing a(&) 5 
IQspecI implies an additional performance specification, which should not be incorpo- 
rated in G. 

o Various performance specifications may be applied over different frequency ranges, e.g., 
Q = S ,  F ( S )  5 ISspecl lf w 5 ws and Q = T ,  T ( T )  I ITspecI 'd w 2 WT.  
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